We have obtained stable lead isotope and lead concentmtion data from a longitudinal study of mobilization oflead from the maternal skeleton during pregnancy and lactation and in which the newly born infants were monitored for 6 months postpartum to evaluate the effects of the local environment on lead body burden of the infant. Samples of maternal and infant blood, urine, and diet and especially breast milk were measured for 21 mothers and 24 infants. Blood lead concentrations were less than 5 pg/dl in all except one subject. The mean lead concentration in breast milk ± standard deviation was 0.73 ± 0.70 p/kg. In seven subjects for whom serial breast milk sampling was possible, the lead concentration varied by factors of from 2 to 4, and for three subjects there was an increase at or after 90 days postpartum. For the first 60-90 days postpartum, the contribution from breast milk to blood lead in the infnts varied from 36 to 80%. Multiple linear regression analyses indicated statistically significant relationships for some of the variables ofisotope ratios and lead concentrations between breast milk blood, urine, and diet for infants and mothers. For example, the analyses revealed that both a mother's breast milk 207Pb/206Pb and 206Pb/204Pb ratios and lead concentration provide information to predict her infant's blood 207Pb/206Pb and 206Pb/204Pb ratios. The major sources of lead in breast milk are from the maternal bone and diet. An evaluation of breast milk lead concentrations published over the last 15 years indicates that studies in which the ratio of lead concentrations in breast milk to lead concentrations in whole maternal blood (x100) were greater than 15 should be viewed with caution because of potential contamination during sampling and/or laboratory analyses. Selected studies also appear to show a linear relationship between breast milk and maternal whole blood, with the percentage of lead in breast milk compared with whole blood of <3% in subjects with blood lead levels anging from 2 to 34 p/di. The levels of lead in breast milk are thus similar to those in plasma. Breast-fed infants are only at risk if the mother is exposed to high concentrations of contaminants either from endogenous sources such as the skeleton or exogenous sources.
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Owing to its unique nutritional and immunological characteristics, human milk is the most important food source for infants. Breast milk can, however, also be a pathway of maternal excretion of toxic elements such as lead, and these toxins impact most severely on the newborn at a time of rapid development of the central nervous system (1) . Apart from contributions from maternal sources during pregnancy such as from the skeleton (2,3), other potential lead sources for the infant are mainly dietary, that is, from breast milk, infant formula, and baby foods.
Data for rodents has shown that lead mobilized from the skeleton is transferred to the suckling during lactation (4, 5) and that lactational transfer after current or recent exposure to lead in dams was considerably higher than placental transfer (6) .
In humans, Gulson et al. (3) showed that there was an increased and sustained mobilization of maternal skeletal lead during lactation compared with during pregnancy; thus, the following question arises:
Are the infants at more risk from breastfeeding than from formula feeding? Several studies have observed relatively high concentrations of lead in breast milk that pose a potential hazard to the infant. Uptake of lead from the diet in young infants is poorly understood and relies almost solely on the limited data ofAlexander et al. (7), Ziegler et al. (8) , and Ryu et al. (9, 10) obtained during the 1970s and 1980s when environmental lead was higher and control of laboratory contamination was less complete.
Not only are the relationships between uptake of lead from breast milk and formula extremely important, but as the ultimate source of the lead is from the mother, it is also critical to understand more about the relationships between breast milk and the maternal system.
We have obtained data from a longitudinal study of mobilization of lead from the maternal skeleton during pregnancy and lactation, and in which the newly born infants were monitored for 6 months postpartum to evaluate the effects of the local environment on lead body burden of the infant. From (2, 3, 11) .
Sixteen infants (migrant infants) were born to 15 migrant mothers, and their data were compared with 8 infants (Australian infants) who were born to 6 multigenerational Australian controls.
Sampling
Venous blood samples were collected wherever possible at 60, 120, and 180 days postpartum following a rigorous protocol described in Gulson et al. (11) . Because of the operational and social difficulties associated with collecting the required number of venous blood samples from all the newborn infants, urine samples were also collected at 10, 30, 60, 90, 120, 150, and 180 days into pediatric urine collectors and transferred into precleaned polyethylene botdes. Angle et al. (12) and Gulson et al. (13) have shown that the isotopic compositions of urine generally conform well with those for blood with correlations of better than 0.9.
Breast milk was collected monthly and expressed directly into precleaned polyethylene bottles. For one subject (1043), two early samples were collected using a breast pump; although we were concerned that these samples may have been contaminated, breast pump collection is a routine method used by Swedish investigators, with no apparent contamination (14, 15) .
Infant formula was collected monthly. In some cases, different brands were used and these were collected separately. Mothers were requested to prepare the formula with boiled water from a fully flushed faucet, and the boiled water was also collected. When intake of solid food began, a composited meal was prepared by the mother and dispensed into precleaned polyethylene containers.
Fully flushed drinking water was collected from the kitchen faucet after an additional 30-sec flush. House dust was collected as dust fall accumulation using petri dishes placed in at least two locations in the residence for 3-month collections as part of the monitoring of the mother (16) . Analytical Methods All sample preparation was performed in purpose-built low contamination laboratories (dean rooms) incorporating features such as filtered air intake and laminar flow hoods.
Blood To minimize sample heterogeneity, the total blood sample was predigested in ultrapure concentrated nitric acid and an aliquot of < 1 g was removed to a dean teflon vessel. A 202Pb spike solution of known isotopic composition and lead concentration was added to the aliquot to obtain the concentration of lead and isotopic composition The use of migrants and Australians for the study adds an additional precision control. We have found (through the biokinetics study) that the lead in the blood of Australian subjects has an isotopic fingerprint or signature clearly distinct from that found in subjects from many other countries. The isotopic ratios of the two groups differ by a factor 29 times greater than our precision limits. These differences arise because the lead in the Australian environment is derived mainly from mineral deposits that are geologically ancient, whereas the lead in most other countries is derived from geologically young mineral deposits. Blood 206Pb/204Pb ranges from 18.0 to 18.5 in migrants and 17.0 or less in Australians (2, 3, 11) . This is a minimum difference of 6%.
Results
Blood lead concentrations in 14 of the 15 adult immigrant subjects and for all Australian controls were less than 5 pg/dl. Cord blood lead concentrations in the migrants ranged from 0.91 to 3.61 pg/dl (geometric mean 2.02 pg/dl) and in the Australian controls from 0.96 to 3.67 pg/dl (geometric mean 2.51 pg/dl). Lead concentrations in the baby food (beikost) were up to three times that found in the formula, with a geometric mean of 4.1 pg Pb/kg (median 3.5) and a range of 1.4-27 pg Pb/kg. The differences between formula and baby food were statistically significant (p<0.003, two-tailed t-test).
Fully flushed drinking water and boiled water used for making up formula had low concentrations of lead, generally <3 pg Pb/l, and the isotopic ratios were less than 17 in all these residences (20) .
Results of the multiple linear regression analyses are shown in Table 3 . In the analysis of infant's urine and mother's breast milk, the urine outcome variable to be predicted, e.g., urine 207Pb/206Pb, was regressed on the available breast milk variables, e.g., milk 207Pb/206Pb, 206Pb/204Pb, and lead concentration. Analysis was performed on the most complete data sets at 60 ± 5 days and for subjects 2022, 2041, 2042, 2043, 2056 , and 2096. Consequently, three linear regression models were fitted, each explaining between 67% and 74% of variation in the outcome variable. Each predictor of breast milk lead concentration was significant atp<0.05.
Assuming that other sources of lead contribute minimally to blood lead concentration, as discussed below, it is possible to estimate the contribution to blood lead concentration in infants from breast milk and/or formula/food using two-component mixing relationships (21) . With the infants' blood as one component and breast milk or formula as the other, the amounts of lead from dietary intake are shown in Table 4 . For migrant infants the component of lead in blood at 60 or 90 days from breast milk (plus formula in the case of subject 2022) varied from 36 to 80%. For migrant and Australian infants whose main dietary intake was from formula, the contribution to blood lead isotopic composition from diet ranged from 24 to 68%. These rather simplistic calculations do not easily cover the situation of mixed feeding, i.e., breastfeeding and formula feeding or formula and baby food. Where mixed feeding occurred, some compensation for this was allowed for using published intakes (10,22. Weights were not measured for intakes of formula and beikost. To obtain estimates of the daily intakes, the amounts of food reported by Mahaffey (22) and Ryu et al. (10) were used. For the period from 8 to 111 days, the mean daily intake was about 0.7 pg Pb/kg body weight (bw)/day. For the period from 112 to 180 days, the maximum daily intake for subject 2057, whose food concentrations were high at 15 and 7.7 pg Pb/kg, ranged from 0.6 to 1.5 pg Pb/kg bw/day. 
Discussion
Sources of Lead and Dietary Intake Figure 2 shows that the lead isotope ratios for breast milk of the six immigrant nursing mothers are consistent with a significant lead fraction from maternal bone lead releases to blood lead. This is to be expected from our previous finding that bone lead is a significant fraction of maternal blood lead during lactation (3). Furthermore, maternal blood via plasma is the vehide for lead transport to breast milk. The suggestion of a significant contribution of bone lead is consistent with the statistical analyses which indicate that at least 30% of lead in breast milk can be accounted for by source(s) other that the maternal diet. Apart from the skeletally derived lead, dietary lead is the most important exposure contributing to body burden in these newborn infants. Lead in urban air, where most of the infants reside, is currendy <0.1 pg Pb/m3, has a 206Pb/204Pb ratio of <17, and is also considered to contribute negligibly to blood or urine (11) . If In contrast to the negligible changes shown by the modeling, the calculations outlined above indicate that for the period from birth to 60-90 days, 36-80% of lead in infant blood derives from breast milk (and/or formula). As mentioned above, the remaining 20-64% of lead does not derive from air, water, and dust. We argue in a companion paper that the extra lead not coming from breast milk and/or formula derives from the infant skeleton associated with high bone turnover (23) .
We do not observe any difference in the amount of lead in blood from breast milk or formula, which is consistent with observations of Ryu et al. (9) . This also suggests that mixed feeding for some infants does not impact significantly on blood lead concentration.
If formula is the main source of dietary intake in the first 3 (Table 5) .
Because of the importance of breast milk to infants, there have been many investigations of lead in breast milk, but most of these are often orders of magnitude higher than our values. As can be seen from (Table 5) .
Because of these possible analytical difficulties, the WHO/IAEA results for lead in breast milk should be treated with caution until verified by follow-up investigations. The ease with which breast milk can be contaminated was reported by Hu et al. (25) ; in their study of lead in blood and bone of Boston mothers, Hu and co-workers suggested that the high levels of lead in breast milk, which they did not report, were contaminated from the foil around the alcohol wipes used to dean nipples.
One method that allows for some verification of the accuracy of the results is to compare the data for breast milk with maternal blood lead concentrations. The ratios expressed as a percentage of lead concentrations in breast milk to whole blood for data from 1980 onward are given in Table 5 and plotted in Figure 3 . Small variations in the ratio can arise if cord or maternal blood lead levels are used, but these variations do not negate any conclusions that can be drawn from the data. It appears that any data that have a ratio of the concentration of lead in breast milk to the concentration of lead in maternal blood greater than 15% should be treated with caution. The problem more likely arises from the breast milk data because of the low concentrations of lead in the samples. Thus, it would seem that high lead concentrations in breast milk relative to blood leads are an indication of contamination during sampling and/or analysis. This would apply particularly to the Austrian study and probably also to the Malaysian studies shown in Table 5 , in spite of implementation of quality control measures by Ong et al. (30) . In the latter case, data for milk and blood from urban and rural communities from Malaysia seem very high.
The low percentage of less than 3% of lead in breast milk relative to whole blood is similar to the levels observed in serum or plasma; the high precision study of Manton and Cook (31) and Stauber et al. (32) showed that the serum lead/blood lead ratio ranged from 0.5 to 1.5%.
An alternative interpretation of the data shown in Figure 3 Data for the Austrian (43) and Russian (46) (39) observed breast milk/blood lead ratios in mice to be greater than 1. Halln (14) Relationships of Breast Milk to Other Indices Infants. In spite of the limited number of measurements and the low concentrations of lead in breast milk compared with infant whole blood, the significant statistical relationship for the 207Pb/206Pb ratio and lead concentration between breast milk and blood over the 60-90 day period (Table 3) is consistent with the mixing calculations. These calculations indicate that from 36 to 80% of lead in blood in the first 60-90 days postpartum is contributed from breast milk ( Table 4) .
The lack of a significant statistical relationship between breast milk and infant urine at 60 days is consistent with our earlier conclusions that the higher 206Pb/ 204Pb ratios in urine compared with blood and breast milk in five of eight migrant infants arose from mobilization of infant skeletal lead (23) .
The lack of statistical significance for the isotopic ratios in formula/food and infant blood (Table 3 ) may arise from the large isotopic variations between brands of some infant formula, along with mixed breast milk/formula feeding and the difficulty of adjusting for these complexities in the statistical models. Isotopic variations between brands may also account for the relationships between formula (only) or formula/food and infant urine (Table 3) , with lead concentration in the formula being the main predictor of variables in the infant urine. This was also the case for formula and infant blood relationships.
Mothers. The statistical analyses for mother's blood versus breast milk, with milk as the outcome, did not yield any useable results. There was, however, a statistically significant relationship between the lead concentration data for cord blood and first breast milk sample collected at about 30 days (Table  3, Table 6 ). The data for subject 1042 were omitted from this regression because she had a blood lead of 20 pg/dl on arrival in Australia, considerably higher than for any of the others subjects discussed here. Several authors have reported a significant correlation between lead in the maternal blood and breast milk, and these results are summarized in Table 6 . Also listed in Table 6 are a number of studies in which no correlation or a poor correlation was observed. One explanation for the different relationships noted in Table 6 may lie in the time of sampling, but given the variation in Table 6 , sampling time can only be part of the explanation. For example, Hallen et al. (15) did not detect a significant correlation between blood and breast milk at 6 weeks postpartum, but observed a small significant correlation between lead levels in blood at delivery and breast milk at 6 weeks postpartum (Table 6 ).
Because there are increased levels of lead mobilized from the skeleton during the postpregnancy period compared with during pregnancy (3) , this may be an added complication to any systematic relationships between blood and breast milk. Hallen et al. (39) observed a nonlinear relationship between lead in maternal blood and breast milk and lead in plasma and whole blood in mice that had been dosed with a 203Pb radioactive tracer. A nonlinear relationship between lead in whole blood and plasma has been reported for humans (31, 33) .
Even for subjects from highly polluted areas such as Mexico City (34) with mean blood lead levels of 46 pg/dl (and ranging up to 99 pg/dl), the ratio of lead concentration in breast milk to lead concentration in maternal whole blood is not markedly different from those with low blood lead levels (Fig. 3, Table 5 ). Even though there are limited data, the conclusion from Figure 3 is for a linear relationship between lead in breast milk and whole blood, at least for the data defining the array of low slope. The significant statistical relationship between mother's diet and breast milk should be expected because it has been shown that other toxins and drugs are readily transferred from mother to infant in breast milk (1) . Furthermore, as the mothers' diet generally has a lower 206Pb/204Pb ratio than their skeletal lead, it might be expected that their breast milk would exhibit a decrease in 206Pb/204Pb over time, as observed in Figure 2 .
Conclusions
The benefits of breast milk must be judged by a far more complex set pg/dl. Hence, the use of a fixed ratio derived at low blood lead concentrations will underestimate breast milk lead and thereby infant lead intakes with breast-feeding. The converse is also important, that is, a ratio determined at high blood lead concentrations and lead exposure may be higher than in cases where blood lead concentrations are lower and the breast milk equivalent would be proportionately lower.
During the past decade, sources of environmental lead have decreased as a result of, for example, the phase out of lead in gasoline and banning of lead solder from food and beverage cans and water supplies. Review of available data on dietary exposure of infants to lead indicate a decline from about 10 jg/kg bw/day in the 1980s to less than 1 pg/kg bw/day observed in this study. These major changes in exposure require a reassessment of the earlier data on fractional absorption of lead by infants through new clinical investigations or biokinetic studies. As noted above, the fractional absorption on balance studies in which dietary intake was less than 5 jg/kg bw/day indicate values of about 5% (5), but confirmatory investigations were never undertaken. Various models of pharmacokinetics of lead are likely to be concentration dependent. Because these models are used to support economically far-reaching decisions on tolerable levels of lead in environmental media, it is critical that appropriate clinical data be available.
